ABSTRACT The potential of two bioinsecticidal formulations containing Brevibacillus laterosporus spores and azadirachtin, respectively, was assayed in laboratory and in comparative Þeld treatments for the management of immature house ßies on dairy farms. As already known for B. laterosporus, preliminary laboratory experiments with azadirachtin evidenced a concentration-dependent effect. Azadirachtin median lethal concentration (LC 50 ) value determined for second instar larvae was 24.5 g/g diet. Applications in dairy farms were performed at dosages and concentrations predetermined in laboratory experiments, to employ the two formulations at an equal insecticidal potential. Repeated applications on the cow pen caused a signiÞcant ßy development depression in areas treated with azadirachtin (63%) and B. laterosporus (46%), compared with the control. Formulations were applied at a dosage of 3 liters/m 2 , and concentrations of 2 ϫ 10 8 B. laterosporus spores/ml and 25 g azadirachtin/ml, respectively.
The management of insect pests with high reproductive potential such as the house ßy (Musca domestica L.) is necessary to protect production and health of animals and humans (Moon 2002) .
To minimize the negative effects to human health and the environment promotes the use of alternative pest control strategies to the widespread use of pesticides. This implies the availability of selective, generally regarded as safe, and environmentally friendly control measures employed as biopesticides. Among these, entomopathogenic microbial agents represent an important market segment (Glare and OÕCallaghan 2000) . Unique to their mode of action, most microbial agents are effective against speciÞc insect targets (de Maagd et al. 2003) , so that the control of major pests, such as the house ßy, has necessarily to rely mainly on the conventional management methods available (Moon 2002) . These involve the application of various synthetic chemical insecticidal formulations against adults. Safer methods of control for this pest include the use of traps and sugar-and pheromone-based insecticidal baits; the management of breeding sites (fresh manure removal); and the protection and release of natural pupal parasitoids (Hogsette 1999) .
More recently, a new strain of the entomopathogenic bacterium, Brevibacillus laterosporus, was isolated from soil in Sardinia (Italy) and collected by the Department of Plant Protection of the University of Sassari (Italy). As a result of the high toxicity of its spores against house ßy adults and larvae (Ruiu et al. 2007a) , it has been proposed as a ßy control candidate to be introduced in integrated pest management programs (Ruiu et al. 2008a) .
A better known natural insecticide is represented by the extracts from seed kernels of the Indian neem tree, Azadirachta indica (Isman 2006) . Its active ingredient is a triterpenoid compound, azadirachtin (AZ), showing various lethal and sublethal effects on insects, including oviposition and feeding deterrence, growth regulation, fecundity, and Þtness reduction (Schmutterer 1990) . Neem is active against house ßy and other livestock pests (Miller and Chamberlain 1989 , Khan and Ahmed 2000 , Larramendy et al. 2004 ).
Both B. laterosporus and AZ are recognized to be generally safe for nontarget insects, such as the muscoid ßy parasitoid Muscidifurax raptor (Hymenoptera: Pteromalidae) (Ruiu et al. 2007b (Ruiu et al. , 2008b .
This study presents the results of recent experiments aimed to evaluate and compare the potential of two formulations based on innovative natural insecticides, B. laterosporus and AZ, to inhibit house ßy development in dairy farm breeding sites.
Materials and Methods
Insecticidal Formulations. The B. laterosporus formulation employed was prepared in the facilities of ISAGRO RICERCA S.r.l. (Italy) and consisted of a spore suspension with a concentration of 10 9 spores/ml of a strain from the collection of the Department of Plant Protection of the University of Sassari (Italy), showing toxicity against the house ßy (Ruiu et al. 2007a ).
The AZ-based formulation was an emulsiÞable concentrate (Oikos 25 Plus, Sipcam S.p.A., Italy) containing 2.5% AZ.
Stock solutions were stored at 4ЊC until use and, when necessary, diluted with distilled water to obtain the concentrations needed for laboratory bioassays.
Insect Rearing. Flies were reared at 25 Ϯ 1ЊC and a photoperiod of L14:D10 using the methods of Ruiu et al. (2006) . Adults were provisioned with food, dry sugar, milk powder (1:1), and water (provided separately), whereas immature stages were reared on an artiÞcial diet consisting of wheat bran (34%), milk powder (1%), benzoic acid (0.1%), and water (64.9%) (wt:wt).
Laboratory Bioassays. To make a reliable comparison between AZ and B. laterosporus application effects on immature house ßies, bioassays were designed to determine the most efÞcacious concentrations.
Bioassays were conducted by rearing immature insects on diets previously incorporated with the insecticidal formulations (Ruiu et al. 2006 (Ruiu et al. , 2007a . Both the rearing artiÞcial diet and a natural rearing substrate (fresh cattle manure) were used for investigations.
To determine 50% mortality level median lethal concentration (LC 50 ), the AZ-based formulation, after adequate dilution with distilled water, was mixed with the artiÞcial diet to obtain the following AZ concentrations (40, 30, 20, 10, 5, 2 .5 g/g). For each concentration, four groups of 10 second instar house ßy larvae were kept in petri dishes (3.5 cm diameter) containing 2.5 g of the above described treated diet. Larvae were incubated at 25 Ϯ 1ЊC and Ͼ99% RH, until pupation and adult emergence data capture. A group with no AZ was run as a control. The experiment was repeated three times with different batches of ßies.
Mortality levels of different B. laterosporus spore suspensions for house ßy larvae and the relative effects on adult emergence were already known. As previously published, the LC 50 value for second instar larvae was 1.8 ϫ 10 8 spores/g diet, and emergence success was unaffected in those ßy immatures that survived to the pupal stage (Ruiu et al. 2006 (Ruiu et al. , 2007a .
A second group of experiments was carried out to determine the effects of treatments on immature Þles reared on a natural breeding medium (fresh cattle manure). For this purpose, four groups of 10 second instar larvae were maintained in petri dishes (3.5 cm diameter) containing 2.5 g of manure previously mixed with the insecticidal formulation. The following concentrations were assayed: 25 and 40 g of AZ/g, and 2 ϫ 10 8 and 10 9 B. laterosporus spores/g. Larvae were incubated until pupation and adult emergence data capture. Control ßies were reared on nontreated manure, and the whole experiment was repeated twice.
Dairy Farm Applications.
Field experiments were conducted in Arborea (latitude 39Њ77ЈЈ40Ј N, longitude 8Њ58ЈЈ14Ј E, 13 m above mean sea level), the main dairy farm area of Sardinia (Italy). Experiments involved three different dairy farms selected for their similarity in size, Ϸ100 heads, location, and ßy infestation. Pretreatment surveys identiÞed the cow pen and the dunghill as the main developmental sites for immature ßies. Three different areas (15 m 2 each) were randomly selected in the cow pen of each farm, to be treated either with AZ, B. laterosporus, or water (control), respectively.
In July 2008, the insecticidal applications were performed on the surface of the cow pen by a powerful spray nozzle, at a dosage of 3 liters/m 2 and a concentration corresponding to 25 l AZ/ml and 2 ϫ 10 8 B. laterosporus spores/ml. These concentrations were selected based on laboratory studies to achieve equivalent LC 50 values and showed no signiÞcant differences in the comparison between AZ and B. laterosporus efÞcacy in the earlier laboratory experiments with manure. These concentrations were cost effective. The control areas were similarly treated using only water at the same dosage. Treatments were repeated every 3 d for a total of four applications, and immature abundance in treated and control areas was compared in the periods before and after treatments.
For immature house ßy density monitoring, the sampling technique described in Ruiu et al. (2008a) as a modiÞcation of the method of Loomis et al. (1968) and Skoda et al. (1996) was employed. A manufactured 0.5-liter standard metal core sampler was used to take eight random subsamples that were then mixed together to make a larger sample of 4 liters.
Samples (4 liter each) were collected weekly in three replicates for each treated and control area of each farm, weighed, and then incubated in the Þeld until adult emergence (Ruiu et al. 2008a) . Manure incubators consisted of cylindrical plastic containers (20 cm diameter, 25 cm high) that had an opening on their polystyrene cap to permit the emerging ßies to go toward the light and to be collected in a plastic transparent cylinder. Plastic containers were left on the farm, and transparent cylinders were inspected for ßy identiÞcation and counting.
Moreover, in the attempt to investigate the possible cumulative effects of repeated applications on the same area over the treatment period, additional samples were randomly collected from each treated and control area of each farm. Three replicated 1-kg samples were taken every 3 d during the treatment period and brought to the laboratory to be incubated at 25 Ϯ 1ЊC inside plastic cylinders (10 cm diameter and 30 cm high) with a gauze cover on the top to allow ventilation. Adults emerging during the next 3 wk were counted and the data recorded.
Statistical Analysis. All statistical analyses were performed with the SAS system for Windows, version 8.02 (SAS Institute 1999), with the signiÞcance level set at ␣ ϭ 0.05.
For LC 50 determinations, referring to the AZ laboratory experiments, immature mortality data were subjected to probit analysis (Finney 1971) .
Data on immature ßy mortality recorded in laboratory experiments were subjected to analysis of variance (ANOVA; one factor design: preparation), followed by a least signiÞcant difference test to separate treatment means.
Data on house ßy emergence from manure samples collected weekly before and after treatments in dairy farms were analyzed as a two-factor design (ANOVA: treatment, dairy farm), followed by a least signiÞcant difference test to separate means in each sampling interval.
Data on ßy emergence from manure samples collected every 3 d during the treatment period were analyzed using repeated measures ANOVA (PROC MIXED), and means were separated using LSMEANS comparison (adjust ϭ Turkey).
Results
Laboratory Bioassays. Toxicity of the AZ-treated diet to immature ßies was concentration dependent, as conÞrmed by probit analysis ( 2 ϭ 36.57, df ϭ 1, P Ͻ 0.0001), which showed a LC 50 value of 24.53 (95% CL ϭ 19.60 Ð28.75) g (AZ)/g and a slope Ϯ SEM of 2.80 Ϯ 0.46.
Mortality of ßy larvae fed on manure treated with AZ or B. laterosporus spores was concentration dependent (Table 1) . House ßy mortality was signiÞ-cantly greater, 90 and 82.5% at 40 g AZ/g and 1 ϫ 10 9 B. laterosporus spores/g, respectively (F ϭ 12.58, df ϭ 24, P Ͻ 0.0001). Treatments were not signiÞcantly different at LC 50 concentrations of 25 g AZ/g and 2 ϫ 10 8 B. laterosporus spores/g. These concentrations were used in the following Þeld comparative experiments.
Dairy Farm Applications. No signiÞcant differences in immature stage abundance were noticed, before treatments, between the treated and the control areas of different farms (F ϭ 1.93, df ϭ 14, P ϭ 0.1300) (Fig.  1) . Successively, insecticidal applications signiÞcantly affected immature ßy development in the cow pen (F ϭ 6.71, df ϭ 14, P ϭ 0.0011). Treatments caused a signiÞcant depression (calculated as treated-control ratio) in ßy emergence from areas treated with either B. laterosporus (46%) or AZ (63%) formulations compared with the control areas (F ϭ 28.73, df ϭ 2, P Ͻ Fig. 1 . Number (mean Ϯ SEM) of emerged house ßies per Kg manure in treated and control areas, before and after treatments with AZ and B. laterosporus formulations. Values were calculated as means of the monitoring data of a 3-wk period before treatments and of a 2-wk period after the beginning of treatments. Treatments performed at a dosage of 3 liters/m 2 included water (control) and concentrations of 2 ϫ 10 8 B. laterosporus/ml and 25 g AZ/ml, respectively. Different letters above bars of each group (before and after treatments) indicate signiÞcantly different means (two-way ANOVA followed by least squares means comparison). b Mortality includes both larval and pupal mortality, being calculated on the basis of adult emergence.
c Means in the column followed by different letters, are signiÞcantly different (ANOVA, followed by least signiÞcant difference test). 0.0001). SigniÞcant differences among farms, after treatments, were also recorded (F ϭ 12.19, df ϭ 2, P ϭ 0.0013).
Manure samples collected every 3 d during the treatment period were incubated in the laboratory for ßy emergence (Table 2) . Although treatments were effective in suppressing immature ßy development (F ϭ 64.66, df ϭ 2, P Ͻ 0.0001), no signiÞcant cumulative effects, as a result of consecutive applications, were noticed (F ϭ 0.08, df ϭ 2, P Ͻ 0.9199).
Discussion
The potential of B. laterosporus and AZ as natural insecticides is well documented (Schmutterer 1990 , Oliveira et al. 2004 .
Presented in this study are laboratory and Þeld experiments with AZ-and B. laterosporus-based formulations that proved to be effective against house ßy immatures.
As expected, efÞcacy of AZ was concentration dependent. Miller and Chamberlain (1989) , who blended a neem emulsiÞable concentrate (Margosan-O) into cattle manure, obtained an AZ LC 50 value corresponding to 10.45 g/g. In their case, eggs were placed on treated manure, so that AZ affected all the immature stages, whereas we studied development effects employing second larval instar. Their LC 50 value is slightly lower (15 g/g) than the value we obtained (24.53 g/g), probably in relation to the employment of different formulations and experimental conditions. SigniÞcant reductions in house ßy emergence (between 18 and 92%) with lower AZ concentrations (between 2.4 and 7.2 g/ml) were obtained in the laboratory by Deleito and Moya Borja (2008) , but performing direct pupal treatments with a diluted neem oil solution (Natural Rural). In that case, authors assumed that AZ penetrated through insect cuticle. A dose-dependent effect was also detected by Siriwattanarungsee et al. (2008) rearing the blowßy and the house ßy on fresh beef incorporated with a formulated neem seed extract. However, in that case, ßies were exposed, once or multiple times, to lower AZ concentrations, between 0.6 and 4.8 g/g, resulting in low to moderate larval and pupal mortalities. However, these authors noticed sublethal effects such as a reduction in pupal weight and adult fecundity. These effects are similar to those caused by sublethal doses of B. laterosporus (Ruiu et al. 2006 ).
In addition, teratomorphic and development inhibition effects have been associated with neem extracts on M. domestica (Naqvi et al. 2007) .
Concentration dependence and efÞcacy in natural breeding substrates of the B. laterosporus formulation we observed against the house ßy are in line with data reported in Ruiu et al. (2007a Ruiu et al. ( , 2008a . The observed effects are to be attributed to the direct lethal effects on immatures, but further sublethal effects are expected to affect emerging adults (Ruiu et al. 2006) .
Despite reports on the efÞcacy of AZ and B. laterosporus in laboratory experiments on the house ßy, little is known about their real potential in Þeld conditions. As a result of our dairy farm experimentations, we found these bioinsecticides to be able to inhibit immature development when applied on the cow pen manure mass where ßies normally breed.
We observed a similar B. laterosporus performance in previous experiments in a single dairy farm, where a 30% immature ßies inhibition was detected in treated areas compared with controls (Ruiu et al. 2008a ). In our more recent and larger scale experiments, comparing different farms and employing higher concentrations (2 ϫ 10 8 versus 1 ϫ 10 8 spores/ml) and dosages (3 versus 2 liters/m 2 ), we noticed an improved effectiveness (45% ßy emergence depression), which is in line with a dose-dependence effect (Ruiu et al. 2007a) . This is the Þrst time B. laterosporus has been compared with another insecticide for the management of house ßy populations. Interestingly, when B. laterosporus and AZ formulations were applied at a concentration around LC 50 level, as predetermined in laboratory assays, they produced a statistically comparable effect, even if AZ average inhibition effect reached 63%. Possible differences between the two bioinsecticides can be expected considering their different mechanism of action. In fact, B. laterosporus spores and their insecticidal toxins act in the larval midgut after ingestion (Ruiu et al. 2007a) , whereas AZ is a contact toxin (Schmutterer 1990) , and a direct action on the pupal stage is expected, as observed by Deleito and Moya Borja (2008) .
Experimental farms were selected for their ßy population homogeneity, as conÞrmed by data on emerging ßy abundance in manure before treatments (Fig.  1) . As a result, treatment efÞcacy was evident and comparable in all the farms involved in the experimentation. There was a signiÞcant pretreatment and posttreatment increase in ßy populations on the control areas, but a comparable increase was not observed on either the AZ-or B. laterosporustreated areas (Fig. 1) .
To study the potential residual effects of treatments, we monitored ßy abundance during the treatment period. A cumulative effect related to continuous feeding of repeated neem treatments was noted in the laboratory by Siriwattanarungsee et al. (2008) . Similarly, we observed this effect on house ßies fed continuously with B. laterosporus or AZ in the laboratory. However, in our experimental conditions in dairy farms, a signiÞcant cumulative effect of repeated treatments was not detected. This might be in relation with the cow pen dynamics in dairy farm that involves a continuous fresh (untreated) manure production and new ßy eggs deposition. Nevertheless, because repeated AZ applications in our experimental conditions determined a constantly reducing number of emerging ßies over the treatment period, further investigation on the potential residual effects might be worthwhile. Enhancement in residual effects might be achieved studying formulations speciÞcally suitable for manure treatments.
SigniÞcant house ßy development inhibition was recorded by Larramendy et al. (2004) , who applied neem products in dejection wells of a poultry farm. More recently, Deleito and Moya Borja (2008) obtained a 94.5% reduction in house ßy emergence when a neem oil solution was applied at a dosage of 7.5 liters/m 2 on the soil where cattle rest during the night.
An alternative way of application for these natural insecticides could be the oral administration to animals that was successfully demonstrated by Miller and Chamberlain (1989) , who treated cattle orally with material containing AZ. This would ensure a constant and more homogeneous incorporation of active ingredients with ßy-breeding media.
Enhancement of effects might be achieved combining this natural insecticide with other substances, or a combination neem-B. laterosporus might be considered, as suggested by Singh et al. (2007) , who mixed neem and Bacillus thuringiensis in experiments against the moth larvae Helicoverpa armigera (Hü bner), or Trisyono and Whalon (1999) , who detected synergistic effects of these two bioinsecticides on the Colorado Potato Beetle.
Neem-based insecticides are considered generally safe for nontarget organisms. However, several reports indicate a variable susceptibility of parasitoids and predators, although in most cases they are comfortingly less susceptible than their hosts (Schmutterer 1997 , Boeke et al. 2004 , Condor Golec 2007 . Safety was investigated also for the muscoid ßy parasitoid Muscidifurax raptor Girault and Sanders (Ruiu et al. 2008b ). Safety of B. laterosporus for beneÞcials has also been studied (Ruiu et al. 2007b (Ruiu et al. , 2007c .
Therefore, from every aspect, B. laterosporus-and AZ-based formulations, alone or in combination, might represent a good option to be alternated or integrated with other pest control methods in house ßy management strategies.
